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RESULTS OF PRELIMINARY FLIGHT INVESTIGATION OF AERODYNAMIC
éHARACTERISTICS OF TEE NACA TWO-STAGE SUPERSONIC RESEARCL
MODET:, RM~1 STABILIZED IN ROLL AT TRANSONIC AND
SﬁEERSONIC VELOCITIES

By Mervin Pitkin, William N. Gardner, and Eowerd J. Curfman, Jr.
SUMMARY

The dealgn of a two-stage, solid-fuel, rocket-propelled, . .
general reseerch pilotless aircraft (EM-1) suitsble for investigating
- gtability and control at supersonic velocities is discussed. The
flight~test investigation conducted thus Ffar is discussed and
information ie presented on zero-length launchers and operational _
5 flight-test technliques of two-staze rockets.

The. f1light-test proprsm thus far is shown to have resulted in
the design of a general research model capable of atialning velocltles
vp to the veloclty corresnonding to a Mach number of L.k. Suitable
launching methods have heen devised and successful redar tracking
and internal radio-transmission of ecceleration data, pressure da'ba. s
and body motions have been accamplished.

Results of initial flight tests confirm the theoretical advantage
of swept-back-wing plen forms. Use of wings and Tins swept back 45°
delayed the critical drag rise to a Mach nunber of epproximately 0.9.
Successful roll stabilization by means of a rate-dilsplacement, flicker~
tyme, all-electric sutomatic pllot was accomplished for Mach numbers
1p to apyroximately 1.0. Informsation concerning the over-all drag
characteristics of the RM-1l model at subsonic, trensonic, and super-
sonlc velocities is presented and discussed.

The results of the tests show close agreement among three
experimental methods of measuring transonic asnd supersonic velocitiles.
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INTRODUCTION

In recent years, it has became evident that a critical and
urgent need exlsted for increased research on aircraft at transonic
and supersonic velocities. During World Wer II, the accelerated
development of Jeb propulsion end rocket motors resulted in-the
creation of power plants capeble of propelling airplanes and guidsd
miggiles at supersonic velocities provided the asrodynamic and
operatlonal requirements of such alrcraft were known. It was
recognized at this time that pilotless aircraft, hitherto utilized
golely as military weapons, offered one of the few means of examining
the actual flight characteristics of airplanes et very high speeds.
Such alrcraft could be bullt to fly at supersonic velocities without
endengering humen life, and 1t was believed that technigques could
be devised to measure fundemental aerocdynamic end operational fllight
date and to trensmit these data to ground stations.

Because of the foregoing considerations, the Pllotless Alrcraflt
Research Division of the Langley Memorial Aeronsuticel Laboratory
was oreated in May 1945 for the purpose of obbtaining fundamental
serodynemic and operatlonal data at transonic and supersonic velocities
by conducting research on pilotless aircrgft in fligat. In order bo
accomplish this purpose, englneering facllities were made available
at Langley Field, Va., and a test station was set wp on Wallops Island,
Va.

The first of several research alrplanes to be desigmed was the
BM-1 configuration, a two-stage, rocket-propelled alicraft deslpgned
to investigate stability and control problems in transonic and super-
sonic flight. A flight-test program of broad gensral scope was then
started. Parts of this flight-test prograin have been completed. The
present paper is concermed with the resulis of flisht tests made to
develop successful launching end operational technigues and with
the sipmificance of the date obtained In tests of an RM-1l model
stabilized in roll flying at velocitles up to those corresponding to
8 Mach number of 1.h. A discussion 18 algo presented of the over-
all design and developmwent of the test models.

SYMBOLS o X -

W gross welght of missile at any given time during £flight, pounds
M mess, slugs (W/g)

g acceleratlion of gravity, 32.2 feet per second per second
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1ift normal to longitudinal body sxis of RM=-l model, pounds
thrust along longlitudinsl body axis of RM~1 model, pounds
drag along longitudinal body exis of EM-l model, pounds

absolute longltudinal acceleration referved to P.M-l body
axis, feet per second per second

ag,__pue:&-‘

ebsolute normal acceleration referred to RM-1 body axis,
feet per second per second

Flight-path angls, degrees
time, seconds

R

At time incremert, seconds
AV velocity increment, feet per sscond

AV 4 - flight~-path-angle increment; degrees

m

leunching angle, degress.

* ¢  engle of bank, degrees
: a2¢
93 rolling accelsration, radlans per second. per second
M Mach number (V/c)
v velocity, feet per second
c sonic veloclty, feet per sescond

Py static pressure ln free airstream, pounds pexr Squla.re.- foot

-93 total pressure behind a normal shock, pound.s'per squar_;e foot

E . total pressure in free stream, pounds per square foot |

F maximim frontal area of RM-1l model, sguare feet

S cconbined exposed erea of wings and tall of RM-1 model, square feet

P - 8tatic pressure at altitude, pounds per square foot
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k ratio of specific heat at constant pressure to specific heat
at constant volume

Cp drag coefficient
aspect rabtio based on exposed area and span
angle of sweepback, degrees

T, moment of lnertia, slug-feet2
ANALYSIS OF PROBLEM

The purpose of the present investlgation was to design and
place into operation a general research ailrcraft that could be used
to investigate stablility and control problems in transonic and super-
gonic flight.

Preliminary analysee indicated that the problems of lateral
control and stebilization of high-speed alrcraft were likely to be
most pressing because of the low rolling inertias and low rotary
aserodynanlc damplng characteristics of these designs. Comsequently,
it was decided to atteck those problems first.

The over-sll plan involved three basic sbages. Plrst, the
model had to be designed to attain es high a speed as was practi=-
cable with existent facllities and knowledge. Second, a preliminary
flight-test program was necessery to solve any operational 4iffi-
cuities and to establish correct launching technlgues. These tests
Involved use of noninstrumented, or dwmmy, models. After these two
stages of development were accomplished, it was plamned to equilp
the models with instrumentation of verlous types capable of measuring
stabllity and control phenomena. This stage, in particular, required
the developmont and flight testing of an adequate telemetering system.
Once this aim was accomplished, it was felt that the RM-1 design would
be ready for research tests of varxrious types of sutomatic pilot end
control.

DESIGN FOR SUPERSONIC VELOCITIES

An adequate propulsive system, low aerodynamic dres, and strict
weight control are the determining factors in the attainment of super-
sonlc veloclties. The problem confronting the designer was that of

ccmxbmmu
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' designing an aircraft which wovld embody these factors and yet
have adequate structural strength and space for instrumentation,
end which would be easy to modify.

Propulsive System

Research tests requive the development of high speeds only
for the time Interval necessary to measure the phenomenon mnder
investigetion. Comsequently, a propulsive system insuring long
flight range or duration was not necessary. This consideration
eliminated the more Involved types of Jet-propulsion systenm
{such as liquid-fuel roclkets or ram-jet systems), and solid-fusl
rockets were chosen as a propulsion source. In order to simplify
instrumsnt comstruction and operation, 1t was desired to Lkeep
launching and flight accelsrations to relatively low values.
Rockets of relatively low thrnst and long firing times were there-
fore chLosen in preference to hlgh-thrust rockets of short firing
times. The British 5-inch cordite rocket motor, rated at 1200
pounds thrust for 3.5 Beconds, was consldered to meet the power

N specifications and was chosen for use in the RM-1 model.

Preliminary calculations indicated that one rocket motor
possessed insufficient power to carry the estimated payload and
structure of the RM-1 model to sunersonic veloclities. An
additlonal power boost was therefore required. In preference to
using & catapult launching reamp which enteiled a large expenditure
of work and time, it was decided to design the RM-l as & two-stage
rocket. With such en arrengement, the test body of the RM-1 modsl
would be attached 10 & booster tall rocket that would Jetiison
itself after its fuel had been expended. Althouzh the problems
presented by a two-stage rocket system at first appsared formidable,
1t was felt that such en arrangement would ultimately prove superior
to other methods of providing boost.

Aerodynamlc and Structural Design

An over-all layopt of the RM-1 configuration is presented
es figurs 1 and a photograph of the vehicle is shown as figure 2.
The principles underlying the component design of this sircraft are
discussed in the following sections.

Body desigen.- The results of the investigation reported in
reference 1 show that increasing the fineness ratio of a body
reduces its drag at supersonic velocities. .Iater results obtained
in the Langley Flight Research Division indicate that fineness ratios
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of the order of 12 to 15 percent may be optimm for low drag at
transonic veloclties. A cylindrical body was therefore designed to
possess a fineness ratlo as close to the optimum as possible and
yot be campatible with structural and installational requirements.
The diameter of the cylindrical body was restricted to 6 inches,

the minimum size required to house the sustaining rocket and yet
carry the estimated structuresl loeds and internal apperatus. A
gnall. conlcal nose was faired into the cylindricael part to form

a8 body of fineness ratio 22.5. Thise conical-nose section was chosen
after a study of the resulis of reference 2 which lndicate that

this shepe would probebly be as .good serciynamically as more reflned
shapes for use with bodies of large finensss ratio.

The RM-1 body was designed to consist of a series of magnesium
monocoque sections (see fig. 2), each section readily detachable from
the others and housing separate perts of the equinpment. In addltion
to the convenlence of maintenance and inetallation, this feature
provides for rapid modification of body length. For tests of duumy
models, the gections in front of the wing were replaced by a solid
wooden body of ldentical shape and welght.

Wing and tail deslen.=- Recent developments in Germany and the
United States (ses references 3 and 4) have indicated the desirability
of utilizing swept-back plan forms to Increass the critical Mach
nuber (delay the advent of compression shock) and hence to delay
the rise in drag and the loss of comtrol effectivencss at transonic
end supersonic velocitles. Although it wes realized that sweepback
did not guarantee improved aerodynemic characteristics at speeds
exceeding that corresponding to the critical Mach number of the
swept~back sections, nevertheless its use appeared to offer the most
favorable approach to the problem of malntaining control throughout
the transonic and into the supersonlc ranges of velocity. Wingse and
fins of 45° sweepback, therefore, were incorporated into the RM-1
design. A sweepback angle of 45° was chosen because it was large
encugh to indicate the influence of sweepback on aerodynemic character-
istics but small enough not to introduce any serious structural or
serodynamic problems. Because of its high critical Mach number the
NACA 65-010 airfoll section was incorporated into the wing and fin
design. '

In order +to minimize the rolling moments created by alrpleanes
with swept~-back plan formes when sideslipping at velue of lift other
than zero, a cruciform design was adopbed for the wings and tall fing
of the RM-1 model. With this arrangement the rolling moments created
by one set of swept~baclk wings are theoretically equel and opposite
to those crested by the other set. Actually, unoublished test data
obtained in the Langley free-flight tummel indicate that at moderate

3
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and high angles of attack or sldeslip, body-interiercnce and paritlal-
blanketing effects result in the cveation of same rolling moments
with sideslip. The wings and fins of the RM-1 modsl were con-
structed of leminated spruce stressed to taks a 12g load.

Aileron-control design.- A plain-flap treiling-edge aileron
control was chosen for the first tests of the IM-1 model. These
allerons are mounted on two diametrically opposite wings and are of
33 percent semispan and 10 percent chord. As shown in ¥Yigure 3, the
ailerons are equipped with a 20°-beveled trailing edge to provide
asrodynemlic balance at subsonic velocities and are completoly mass-
balanced to avold flutter. They are hinged on a »in which is internally
spring-loaded to provide for easy removal and installation. Stops are
provided to limit the aileron travel to '0°. The ailerons are
constructed of cast magnesium to reduce their inertia and are mass-
balanced by & strip of dense metal alloy which is atitached to the
leading edge of the control. )

Booster~tail desien.~ A study of launching techniques indicated

that the primsry problem -involved in the design of a sscond-stage or

b booster rocket is that of kesping the booster rocket carefully alined
80 that 1ts line of thrust passes through the center of gravity of
the alrplane. If this alinement 18 not accomplished, the booster

v rocket will create large asymmetric moments that, &t launching or low
gpeeds at which the acrodynamic damping of the alvrplane is small,
will result in viclent maneuvering and eventual destruction of the
ailrplane., It is also required that the booster separate positively
but smoothly after Tiring to avold Jarring the main body and thatb
these aims be accomplished with a minimm of additional weight. In
addition, the rearward (destebilizing) movement of the center of
gravity caused by booster attechment must be accounted for by additiom
of suitable stabllizing surfaces. These problems were solved as follows:

Cruciform trienguler tail surfaces were attached to the rear end
of the booster rockst to compensate for the loss in static stability
caused by rearwvard movement of the center of gravity. The effectlveness
of these surfaces wes detexrmined by the theoxry of reference 5 and

checled by drop tests of J-_—O-sca.le dynamic models.

In order to avoid misalinement of the booster thrust axis, a
special fixture was designed to atbach to the front end of the booster
rocket. This fixture (see fig. L) was designed to utilize the nozzle
of the susteining rocket as an alinement Jig. When assenbled, the
booster~fixture slide fits into the nozkle of the sustaining rocket
and thersby prevents bending movements in any direction. The thrust
of the booster rocket wae transmitted to the lip of the sustaining-
vocket nozzle so that no load was brought to bear on the internal
r plug. The booster fixture was also equipped with a compressed spring
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which was designed to eJect the booster from the sustaining nozzle
after booster firing (in the event that the drag of the booster

mit was insufficlent). This spring was held in its caspressed
position by means of a frictlon~grip assembly tightened with two
hollow bolte contalning delay-ignition explosive ceps. These caps
were wired to the firing cilrcult and were set to release the friction
grip after the mlsslle was launched. The spring was released euto-
matically after the booster thrust fell below 150 pounds.

Automatic-pilot design.- An all-slectric, flicker-type automatic-
pllot design consleting of one rate gyroscope and cne displacement
&yroscope, solenoid servomechanismsg, end the traliling-edge serodynemic
control was designed to stabilize the RM-1 model in roll. This
system was chosen because of 1ts simplicity and beceause of its
inherent quick-acting operation. A schematic layout of this system
is ghown 1In Tigure 5. :

In operation, a deviation of the amgle of bank end/or rolling
veloclty 1s detected by the gyroscopes which by means of a two=
segment commutator, relay the proper electrical signal to the .
solenold servomechanisms mounted in each wing. ZEnerglzation of the
gervomechanisms causes an abrupt deflection of the aerodynamic con-
trols.

The ccmmerciel rate gyroscope used in the RM-1 tesits 1s equipped
with stops which limit ites action to angles of bank within T14C.
AV angles of bank greater then these limits, contirol signale are
determined solely by action of the dlsplacement gyroscope (right
bank resulbing in left alleron; left bank resvlting in right alleron).
Within the rate limlts, however, the rate gyroscope primarily
determines the time of signal reversal, belng so arranged as to cause
the control motion to lead the body motion. (Contiol reversal is
accompliched prior to reversal of the asngle of benlks)

Because it was reslized that the time lag bebtween the time of
signal reversal and the time of full-comtrol applicetion would be
the determining factor of the amplitude of the ansle=~of -bank
oscillations under auntomatic control, every attemot was made to reduce
the mechanicel and electrical lag in the automatic-pilot system.
Particular emphasis was given to reducing the time lag in the servo-
mochenisms. The leg in servomechanisms, after development, was of
the order of 0.03 to 0.05 second - valves defining the time interval
between the time en electrical signal wea introduced into the solenoid
coils and the time the aileron centrols reached full opposite de-
flection (%10°). The power characteristics of the servamechanisms
are shown in figure 6.

€1
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APPARATUS AND INSTRUMENTATION

Launching Apparatus

The RM-~1 test bodies were launched frcm & zero-length launching
ramp, a sketch of which is showm as figure 7. The launching remp
consists of a box beam mounted on a T-shaps base and hinged at the
Junction of the T. The free end of the beam is supported on & pin-
ended estrut which can be adjusted to raise or lower the end of the
ramp and thus adjust the missile launching angle.

When mounted on the launching ramp, the RM-1 model is sup-
ported either by two support arms or by cme support arm and a tall
rest. If the model is to be Fired wilth a booster rocket, both support
arms are used; if fired without a booster, ome support arm and the
tail rest are used. The support arms are hinge-pimned to the ramp
end are held in a retracted position by elastic shock cords. When
a model is mounted on the ramp, & component of its welght holds the
support arms erect. When the rocket 1s Pired, the elastic cord
causes the arms to retract into the ramp in order to clear the path
of the airplane. A photograph of the RM-1 model mounted on the
launching ramp is shown as figure 8.

Rader Equimment

A continuous-wave Doppler effect redar set, the AN/TPS~3
(s2e fig. 9), was used to obtain velocity-time records of the RM-1 -
model during the early part of its flight. This radar set is
a ground instellation that transmits conbtinuous radar signels of
lmown Prequency end wave length along a cone-shepe patn of vertex
angle of 7°. Reflected radar echoes from & moving body are recelved
by antonna mounted near the transmitier and are merged with the
transmitted signals. The resaltent beat frequencies are & funcition
of the body velocitlies and are recorded as a trace on a chronograph
device. Ths flight velocities are then determined firem the chrono=
graph records.

Radio Telemeter

Instrumented models of the RM~l model were internally equipped
with a four-channel radioc telemeter developed by the Instiiment
Research Division of the Langley Laboratory. A photograph of the radio-
transmitter part of this device is shown as figure 10. In operation,
the movement of one of the instrument commutators modulates the

S
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frequency of a subcarrier which, in turn, modulates the amplitude

of a high-frequency radlo carrier. At the ground recelving statlons,
the radio carrier is detected with a wide-band receiver and the sub-
carriers are fed to a get of four discriminators each of which 1s
tuned to one of the center frequencles of the subcarrier. The output
of each discriminator is proportional to the deviation of the input
frequency from the center frequency and 1s recorded by & multiple-
element recording galvancmeter.

Photographic Apperatus

Photographic installatlions were used throughout the tests of
the RM=-1l model to observe launcher opsraticon and general flight
behavior. These 1nstallations inciunded Mitchell 35-millimeter
motion=picture cameras, Ciné-Kodak 16-millimeter cemeres, and Army

K-24 serial cemeres in ground implacements. The K-24 cameres were
used primarily to record launcher operation and operated. at approx=~
imately 3 fremes per second. The Mltchell and Ciné~Tiodak cameras
operated at 125 and 64 frames per second, respsétively.

REDUCTION CF DATA

Accuracy

The i1tems telemetered in scus of the tests reported herein
were angle of bank, normal acceleration, longltudinal acceleration,
and total pressures. Expsrience has shown that the total error
involved in the telemetering of quantitles such as these is of
the order of 1 percent of the maximum scale readings. Consequently,

the teiemetered items are believed acourats within the following limlis:

Longitud.:!nal acceleration + « ¢ 5 ¢ o 2 &£ ¢ 3 s 2 2 e @ 4-.0 1168
Hormal acceleration s« « s « o o s ¢ ¢ s 8 ¢ o s ¢ o s '.':O.lOg

Totalpressure 8 8 s & 6 ® s 8 s s 8 4 s & s s 9 8 fO.5in-Hg

Angle of bank relatlve to gyroscope reference « s « o 0.9 deg

Determination of Flight Path

The flight-path characteristics of the RM~-l model were

determined as follows:
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If the assumption is made that the static stability of the
BM-1 model 1s very large, the alrcraft will bend to aline
iteelf with the relative wind at all times and the forces acting
on it are those show2 in Pigure 1ll{a). Resolution of thess forces
along the longitudinal and normal body axes of the model ylelds
the relationshlps

z Longltudinal forces = May =T =D = W sin 7 (1)
T: Normal forces = May = =W cos 7 + L : (2)
Dividing equations (l) and (2) by the mess M gives the a.ccelera.’cion
equations
T ~-D
aI' = T - g gin 7 (3)
L
ey = - g cos 74-ﬁ . (%)
. T =D L
The quantities 5 of equation (3) and 5 of equation (L)
ropresent the relative accelerations of the RM-1 model and can
- be directly obleined from tolemetersd acceleration data. Solution

of equations (3) and (%) for the flight~path angle 7 by direct
mathenztical methods is difficult becaunse ¥y is a function of the
accelsrstcions aj, and ey. Cousequently, recourse was made t0 a

step~by-svep inbegration as follows:

T-D L ' :
W and, # against time were obtained fram

telometered records and the total time scale was divided into a
Berises of tims incremsnts At In longth. When the value of a
quantity at the start of a time Increment ls denobed by the subscript
n and the value at the end of an increment by n + 1 the follcwing
iterant relationships can be set up:

Values of

'm . p
L(n+1) = (T)(n-l-l) T &S Tion) (5)

] e (R 6)
N (ne1) Ty ¥ (M)(n+l) ©
wvhers

+ AY

a#1) ="




Security Classification of This Report Has Been Cancelled

NACA RM No. L6J23

12

eN, At . 'ANN Avy

= = = 8
Vig + 81y &b Vi, + OVL © Vi(n41) (8)

by

A vectorial representation of equation (8) is shown as figure 11(b).
In order to start the trajectory calculations, it is necessary to
know only the launching conditions. At time + = O, +the flight-path
engle is equal to the launching angle - ¢, and VLn and VNn are ’

zero. These conditions are assumed .to persist through the first
time interval.

During the time interval between +t =0 and % = At, therefore,

‘T - D
ar, = | —— -gelne (9)
Cw ),
ey = g CO8 ¢ + (I;Vi) (10)
AN A

wherse (Ll\-TQ) and (ﬁ)ﬁ are values taken from the telemetered
pAY A t '
date and averaged over the period At.

From equations (9) and (10), values of &y and ay during the

first time increment can be determined. By use of equation (8), Ay
and hence ¥ &t the end of the first time period can be determined.
The value of 7 obtained in this manner can then be introduced into

equations (5) and (6) with new values of 2—-1\-71*-]-3 and -{i and. the

flight-peth chenges occurring in the second time increment then
determined.. The procedure is repeated for as long as desired and
yields the time histories of the flight-path angle and the body
velocities. Integration of the velocity curves will produce altitude
and range data. .

Determination of Velooity

Velocity values were obtained from the Doppler rader rescords
by & simple mathematical treatment involving the recorded frequencies
and the wave length of the transmitted radar wave.

.Velocity data were obteinsd from telemetered longitudinal
acceleration data by the following procedure:

tion in g wunits with time
se values were corrected

The variation of longitudinal accel
was determined from the f1i
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to ebsolute accelerations by subtracting the graviiational accel~-
eration component g sin 7, vwhere the flight-path angle 7 1is
positive in climbing flight. The absolulte acceleration was then
plotted against time and the curve was Integrated Vo yleld longi-
tudinal velocity.

Totel~pressure measurements were converted to Mach number by
utilizing the following theoretical expression obtained frcm
equations in reference 6.

by (e O /ey

. oA e/Ge) teme i ) ()

This expression I.G.efines the retlo of the tobal pressure behind a
normal shock wave P3 to the statlic pressure in the free stream

p; in torms of Mach number M. Theo tobtal pressuro. Py Wwas obtained

directly from test date. The static prossure P, Wwas obtained from
gtendard atmosphere tables (reference T) after the determination of
the RM-1 trajectory by methods discussed previously In the present
section. The ratio of specific heats k was chosen as 1.k for all
calculations.

The speed of sound -¢ used to convert velocity to Mach num‘ber 3
was obtained from the relaticnship

where the gas constant for air R wes chosen as 1716 end T is
the ehaolvte termarature in OF at altiimde.

D:cag and Normal Force

The drag of the RM~1 model in pounds was obtained by multiplying
the telemetersd povwer-off longlitudinal acceleration in g units by the
weight of the missile. A similar procedurs regarding normal acceler-
atlion was used to obtain normal force. The drag coefficlent was

. D/FP - .
calculeated from the relatiomship Op = / . (See reference 1l.)
DB B
v In certa.in cases, this coefficlent was corrected to pla.n-fom area by

mltiplying Cp by the ratio F/S; where S is the combined exposed
areas of four wings and four ‘talls. - :

. .--i‘._II..__-
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Angie of Bank

The telemetered records were converted to angle of bank
directly by use of preflight calibration resulis.

RESULTS AND DISCUSSION

Launching Characteristics

Calculations.- In order to estimate the launching characteristics
of the medel, its drag and thrust characteristiocs were estimated,
and the step-by-step system of ca.lcula:bion discussed in the preceding
section was utilized to calculate the flight-path characteristics.
The estimated drag curve used in the calculations is shown in figure 12
and is based on results presented in references 1 and 8. Figurss 13

launched at different angles, with and without booster, for

design gross weights of 110 pounds for the basic body and. 65 pounds
for the booster stage. The calculated veriation of maximmum veloclty
with launching angle is shown in figure 15.

The launching calculations indicated that the second-stage
rocket would increase the maximum velocity of the PM-~L model by
approximately 33 percent. (See fig. 15.) It was also indicated
that the vardation of meximm velocity with launching angle would
be small although highest velocitles would be encountered at lowest
angles bhecause of relleving gravitational effects.

4 launching angle of 60° was selected for the tests because
lower angles produced trajectories less suiteble for radar tracking
and higher angles caused unnscessary reductiong in maximum speed.

The calculatione also showed the necessity for strict weight
control. Figure 16 presents the variation of maximum velocity with
overload weight for the RM-1 model launched at 60°. These data
show & sgizablie reduction In top speed with increase in overload
welght, the top speed decreasing approximately 100 feet per second
for each 20 pounds added to the main body.

Dummy flight tests.~ The first RM-1 model to be fired was
a dumy body of 127 pounds gross welght equipped with a booster tail.
The launching apparatus functioned perfectly in ‘this test as in all
others, end released the model without any noticesble disturbances.
A photograph of the model leaving the launching »amp 1s shown as
figure 17. Although the aircraft functioned well during the early

FONE TOR
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- part of its flight, it did not reach its top spesd because of
failure of the hooster-rejectlon apparatus to reject ths booster
tail. Sentry circults thereupon prevented the sustaining rocket
from firing and the entire assembly remained together throughout
the flight. )

Although the model launching did not accomplish its ultimate
aim, the results of the first test demonstrated thet a two-stage
rocket could be launched simply and satisfactorlly from a zero-
length launcher end that the stabllity of the missile plus booster
tall was sdequate. In order to determine the stebllity of the
basic body, & second dummy RM-1 model wee flred without a booster
tail. (See fig. 18.) Again leunching was unmaried and the air-
craft control-fixed flight was completsly steble.

The fallure of the booster-rejection unit to function properly
was believed to have arisen fram failure, prior to flight, to
compress fully the rejecting spring. (Ses fig. 4.) Comsequently,
the booster thrust Jemmed the alinement cone intoc the sustaining
rocket nozzle and thereby prevented rejectlon of the booster tall.
A new Dbooster-rejection unit wae therefore desirned (see fig. 19)

. whilch avolded this difflculty end, in addition, lessened the weight
of the unit.

- The third dummy fired congisted of the basic body with the
revised booster tail. All apparatus fuinctloned as deslred - launching
and booster separation were accomplished wlithout mishan. Radar
records obtained in thls test are shown converted to wveloclty in
figure 20. These data indicated that the maximmm speed measured in
the test was well into the supersonic range (M = approx. l.4t) and of
the order of the values calculated by the step-by-step procedurs.

It was noted from motlon-plcture records of the third flight
that the sustaining rocket fired almost immedlately after the booster
unit had been rejected. This condition arose as a result of the
increase in the booster-rocket burning time due to the low atmos-
pheric temperatures prevalent at the time of the test. This phenom~
enon, if accentuated further, could have led to an explosion of the
sustaining rocket due to blocking of its nozzle. A4Ldditional calcu-
lations were therefore made to delermine the effect of increesing
firing lag between the two rocket stages. Thess rsesults indicated
only a small decreese in meximm velocity for reasonable time lags.
Conseguently, the arming circults were rearranged to provide a less
hazardous {2-~gec) firing lag in the next tests.

. —
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Lateral Stabllization and Control Flight Tests

The conclusion of the dummy tests provided a pilotless~
alrcraft arrangement that could be launched, flown, and tracked
up to veloclitles corresponding to & Mach number of aypproximately
1.k, The aircralft was therefore equipped with apparatus suitable
for a quantitative lateral-control investigation. For this phase
of the flight investigation, the model was equipped with 1ts
flicker automatlic pilot and the four-chennel telemeter.

Flight of fourth model .~ The fourth model having a gross weight
of 124 pounds was launched equipped with telemeter and automatic
pilot. Although the launching was successful, the alrplene falled
to reach supersonic velocities owing to ignition failure of the
sustalning rocket after the booster had been rejected. The velocity-
time data obtained in this flight from the rader date are glven in
figure 21. The radar records show that the maximwm speed attained
by the RM-1 model was approximately 700 feet per second.

Because of the low speeds obtalned in the fourth flight, only
the angle=-of -bank telemeter records possessed quantitative signifi-
cance. These date indlcated that satisfactory banl gtebilization
of approximately ¥4° amplitude was obtained throughout the entire
flight.

Flight of £ifth model.- The launching of the fifth model, a
configuration identical in shape and equipment with that of the
fourth, was completely successful. No difficulty was encountered
in launching; the telemster operated satisfactorlily thioughout the
flight; end the model was tracked by radsr over most of ite initial
flight path. Time histories of +the longltudinal end normal acceler-
ation and total pressure obtained from the telemetered data are
glven in flgure 22.

Veloclty measurement.- A comparison of velocity data as obtalned
from integration of the longltudinal acceleratlon data, total-pressure
measurements, and radsr records is glven in fliguis 23. These date
indicate good agreement betwsen the three sxperimental techniques of
velocity measurement. Particularly good agreement (within 12 percent)
weg obtalned at the transonic and supersonic velocltles after the
ignition of the sustaining rocket at t = 5.75 seconds {approx.). At
lower velocitles and times than those corresponding to this value,
discrepancies In veloclty values were more evident.

The acceleration data sre belleved to give the most accurate
veloclly measurement at smell flight tlmes and hence at low spseds.
Since errors are accumulative in an integratlon process, however,
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h the velocity error should increase with time. Based on the telemster
accuracy previously mentioned (0.16g), velocity errors from acceler-
ation data wore estimated to be of the order of 20 feet per second
at speeds below 70O feet per second and sbout 150 feet per second
at maximum speed.

Actually, it is believed that the accuracy of the acceleration
rosults is much better than the foregoing estimastes because of the
close sgreement of the accelerabtlon date with the total-pressure
deta at high speeds, where the total-pressure procese is belleved
to be more accurate. At the top veloclty recorded in the flight, 1t
is believed ttat the total.-pressure measurements are accurate wlthin
120 feet per second; however at low subsonic velocities the total-
pressure date can have inaccuracies of over 100 feet per second
based on the prevlously mentioned telemeter accuracy (0.5 in. Eg).
Because the telemeter pressure commtator must be constructed in
such a menner that it will be capable of measurinzg the high impact
pressures associated with tronsonic and supersonic velocities, it
cannot be expected to measure accurately the relatively low impact
pressures associated with low subsonic velocities. The low-speed
part of the velocity curve obtained from impact pressure data hes

) therefore been omltted from figure 23. '

The radar method of neasuring veloclty is believed to be the

- most accurate of the three methods employed. It is believed thatb
veloclty can be reduced from. the radar date within 110 feet per
second of the trus velocity values. This errvor 1s based on the fact
that the longlitudinal axis of the model is not constantly in line
with the radar bsam. It should be observed, however, that this
technique, like the acceleration method, reglsters ground sneed
rather than sirspeed and hence may differ from tobtal-vressure values
dopending .on the winds encountered in flight. On the flring date,
the windis at altitude wers less than 15 feet per sscond; hence their
effect upon the correlation of velocity techniguess should be smsll.
Although the radar deta were In excellent agresment with those cbtalned
from other methods after t = 5.75 seconds, the radar date read low at
times preceding this value. The reason for the discrepancy is
believed 4o be that the radar was reading the velocity of the booster
tail during the coasting period. For a short period of time, the
booster would remain behind and directly in line with the model.
Because of limitations in radar recording egquimment, it was possible
to obtain radar datae for only & short period of time. In order to
obtain the most valuable data, the equipment was not put in operation
until approximately 4.5 seconds after the model was launched. As
indicated in figure 23, no radar data are svallable after approximately

- T+5 seconds. After this time, the tracliers were unable to keep the
radar beam on the model.
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Inesmuch as the acceleration data agreed closely with other
data at trensonic end supersonic velocities and since tile acceleraticm
date are believed to be the most accurate data available at subsonlc
velocities, these date woere used to define the velocity character-
lstice of the fifth flight of the RM-1 model. . -

A comparison of the results in figure 23 with those in figure 20
shows that the meximum velocity of the RM-1 model In its f£ifth
flight was somevwhat smaller than recorded by the rader for the
third flight. This difference in maximum veloclty is believed to
be largely due to an lnequallty In rocket thrust. The thrust of the
booster and. sustalning rockets of the fifth model is shown in fisure 2h.
These data were cbtained by adding the dragz in coasting flight to
the thrust curves in power-on flight snd indicate that the sustaining
rocket of the fifth model produced lese than its rated thrust (1200 1b).
Calculations indicate that 1f the sustaining rocket had produced the
same thrust as the booster rocket, a maximum velocity in excess of
that corresponding to a Mach number of 1.4 would have been obtained.

Dreg data.- The over-all drag and drag coefficient (based on
meximum body frontel area) of the RM-1 model in power-off flight
are shown plotted against Mach number in Tigure 25.

The drag data for the RM-1 model show that the wing and tail
surfaces experilenced sharp drag increases in the Mach nurber regilon
between 0.95 and 1.04. A more gradual increase in the drag coefficlent
occurred at Mach numbers in the vicinity of 0.90 to 0.95. This drag
rige wasg probably caused by shock losses on the fuselage inasmuch as
deta from reference 1 indlcate that a high-fineness-ratio fuselage
reaches itg critical speed in this regiomn.

At supersonic veloclties, the drag rose more sradually causing
& near-iinear decrease in the drag coefficlent.

Drag results for the RM-1l model are in agreement with theo-
retical predictions and test date measured by other investigators. The
critical speed range noted in the present tests 1s in good agreement
with that obtained in wing-flow tests of a wing plan form similar to
that of the RM-1 model but of higher aspect ratio. (See reference 8.)
In addition, the theory of reference 3 indicates that the critical
Mech number of a section increases as the cosline of the sweep angle.
The critical Mach number of en alrfoll section (NACA 65-210) similer
except in camber to the test section is estimated fram low-specd
pressure measurements at M = 0.75, (Bee Teference 9.) If the gain
in critical speed varled as the cosins of the sween angle, the test
wing would have been expected to reach ite critical speed at M = 1.06.
Three-dimensional effects were apparently.responsible for reducing
the gain in critical Mach ﬁn : by two-dlmensional theory
to values measured in the ¢
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- A comparison of dra.g-coefficient date for the II-1 model with
similar date obtained in tests of a research model (the RM-2 aircraft)
equipped with 45° swept-back wings by the flight techniques of
reference 10 1s shown in figvre 26. All drag coafficlents shown
in this figure are based on total exposed wing and tall area to
Pacilitate a more direct comparison.

The data presented in figure 26 show that the drag characteristics
obtained in tests of the RM-l model are in agreeménit with those
meesured for the RM-2 model. The airveraft reached thelr criticel
velocities in the seame region end theilr drag coefficlents are in
falr quentitative agreement. The higher drag coefficlents of the
RM-2 model are asciibed to obvious aesrodynamic differences in the

Normal-accelsration data. - 'ine normal-acceloration date lotted
in figure 22 show thet the missile received a sherp incremental normel
disturbance  (about 2g) when the .susteining rocket started firing.
After the sustaining rocket was fired, only small values of acceleration
normal to the longitudinal axis were experienced. which indicated that
the missgile was flying at a 1ift cosfficlent close to its design zero
1ift coefficlent. .

Tateral Tlicht dats.- The £flight history of the lateral behavior

of the RM-1 model as obtained from telemehter records is nresented

- chronologically in figures 27 to 30. The results nresented in figure 27
ghow that the model received a slight rolling disturbance upon launching.
Corrective control by aillerons was apparently epplied es indicated by
the reversal of the bank cwrve. At the l-second merk, the data
indicate that the model received a large rolling éisturbance causing
it to diverge rapidly in left bank until the 3.7-second mark, atb
which time the control stopped the divergence and damped the notion
to small values in slightly over 1 second. The cause of the rolling=-
moment disturbance is uncertain. The increasing slope of the bank
curve after the l-second mark would appear to indiccte that the
control was inoperative foir a short time. Thus, it is possible thatb
the control was jemmed for approximately 2 gsconds. It 1s also noted,
however, that the time at which the control reversed the rolling motion
(3.7 sec) correesponds to the time at which the booster thrust began
to diminish. It is possible, therefore, that the rolling disturbance
wag induced by power effects possibly. through infiow effects in the
neighborhood of the booster tail surfaces.

Figure 28 shows that after the allerons regained control of the
model motions, excellent roll stabilization wae obtained up to Mach
numbers of 0.95 to 1.0. The presence of an out-of ~trim rolling moment

- on the model is indicated by the a.s,;mne’cry of the rolling curve within
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one=half c¢cycle. Flgure 31 shows an enlargement of the actual

telemster trace at Mach numbers near 1.0. An enproximate estimate "
of the size of this out~-of ~trim moment and the aileron effectiveness

was made by double~differentlating the bank curve of figure 31 near

its peaks (where rolling veloclty, hence aerodynamic damping moments,

are zero) and by assuming that the gross torgue (control mcment

+t out~of ~trim moment) was egual to the inertia resisting moment ngé.

This procedure indlcated that at Mach nvmbers just below 1.0, the
out-of ~trim mowent was approximately 20 foot-pounds as compared with
a control moment of approximstely 25 foot-pounds.

After e Mach number of 1.0 was reached the EM-1l model divexrged
rapldly in roll although evidence of restoring control action
poersisted up to a Mach number of l.l. A% velocltles higher than
that corresponding to this value of Mach number ths modesl rolled
continuously to the right with no evlidence of opcrative control.

The failure of the eutomatic-pllot system to stabilize the model
occurred in the veloclty reglion at which the swept-back wing became
critical as indicated by the drag data. {See fig. 25.) In this
reglon, test data obtailned by means of the wing-flow method (refer=
ence 11) show that trailing-edge controle mounted on swept-back ) -
vwings undergo some loss of effectiveness. It is vnrobable, there~-
fore, that the rolling moments created by the BEM-1l allerons were
reduced at transonic and supersonic veloclties to values at least
below that necesmpary to overcome the out-of -trim moments. It is
also possible that a rise In ailleron hinge momente occurred at the
critical veloclty, which overloaded the servomechanisms and pre-
vented control application. Further tests are required, however, -
to determine the gquantitative nature of these phencmensa.

The telemetered dste. show that the RM-1 model zolled con-
tinuocusly to the right at Mach numbers above 1.l at a rate of
approximately 1 cycle per second. As the model passed its peak
veloclity and entered. 1ts coasting perlod, evidence of restorative
control sgain became evident as a Mach number of L.l was reached.
(Ses fig. 29.) At & Mach mumber of 0.97, the control wag sufficlently
effective to halt and reverse the rotation and good stabilization was
again achieved at subsonic velocities.

!

The subsonic rolling oscillation is shown In figure 30 and 1s
typical of the oscillation induced by & -rate-displacement flicker-
type autamatlc pllot. If stops prevent the deflection of the rate
gyro (as was true for the tests) the displacement gyroscope governs
corrective control slgnal at large displacement angles. When the
angle of bank is reduced to smeller values, the rate gyroscope governs
gignal reversal and a high-frequency, small-smplitude oscillation is
created within the angular. renge? 1led by the rate gyroscope.
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The data of figurs 30 indicate that the RM-1 model tended to
. stabilize about & mean value of approximately 22° right bank.
This value is bellieved to be in error because siznal reversal is
not possible with the automatic pilot employed at angles of bank
greater than T14° (the outer limits of the rate band) provided
that the spin axis of the displacement gyroscone is in the plense
of symmetry of the airplene. (See fig. 5.) It is probable,
therefore, that the displacement gyroscope precessed during the
accolerated part of the flight and caused a rotery shift of its
reference position to the ripght.

The pertinent characteristics of the subsmnic rolling oscil-
lation have been summarized in fisure 32 and show that both the
emplitude and the period of the oscillations increased with increase
in forward veloclty. The amplitudes of the rolling oscillation
during the coasting flight are larger than those at the seme speeds
in accelerated flight probably because of the greater initial rolling
disturbance induced by the continuous right spiral at supersonic
velocities. The tendency of the rolling oscillatioms to increase
with velocity is dus to the fact that the rolling velocitles induced
by a given control deflection also increase with speed. Consequently,

» for a given automatic~pilot time lag (time between detection of

body deviation and time of control appiication) the amplitude and
period will vary as a functiom of the rolling veloclity and hence

wlll increase with alrspesed. It can be seen that in order to cbtain
supersonlc roll stebilization of the order obtained at subsonic
velocities 1t will be necessary elther to decrease the time lag of
the automatlc pllot or to reduce by some msans the rolling velocities.

CONCLUDING .REMARKS

A baslc research vehicle capable of attaining flight speeds
up to those corresponding to a Mach number of 1.k has been designed,
developed, end put into operation. Zero-length launchers and various
flight operationsl techniques have been devised which permit the
successful operation of two-stage, rocket-powered » pllotless aircraft,
and instrumentation hes Deen developed which permlts the transmission
of data from a body moving at supersonic velocities.

Date obtained from initial flight tests confizm the theoretical
advantage of swept-back wings. Drag values cbtained at transonic
end supersonic veloclties weire in general acreement with those
measured by other flight technicues. Successful roll stabilization
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by means of a rate-dlsplacement flicker-type all-electric autcmatbic
pilot was accomplished up to a Mach number of apvroximately 1.0.

Excellent agreement was reached among three methods of measuring
transonic and supersonic velocities.

Further tests are required to develop aserodynemic controls and
configurations sultable for operation at supersonlic velocitles and

to develop means of providing adequate stabllizatlion within this
reglon. o

Langley Memorial Aerocnautical TLaboratory,
National Advisory Committee for Aeronsutics,
Langley Field, Va. '
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Figure 1- Over-all design features of the
NACA supersonic control-

research model , RM-1.
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Figure 5. —Schematic diagram oF RM-/ automatic pilot
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. Figure 10.- Radio-transmitter part of RM-1 model four-channel
telemeter.
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NACA RM No. L6]23  _ Colpiimsamm Fig. 17

Figure 17.~ Launching of RM-1 dummy with booster tail. (First flight)
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Figure 18.- Launching of RM-1 dummy without booster
tail. (Second flight)
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